Differences in sensory tuning are reported to maintain species boundaries and may even lead to speciation. Variation in the tuning of color vision is likely due to differences in the expression of opsin genes. Over 1,000 species of African cichlid fishes provide an excellent model system for studying the genetic basis of opsin gene expression because of the presence of seven distinct genes, yet individual species typically express only a divergent set of three opsins. The evolution of such shifts is expected to arise through either (a) two simultaneous regulatory changes (one for each opsin), or (b) one regulatory change that simultaneously promotes expression of one opsin while repressing another. Here, we used QTL analyses, genome sequencing, and gene expression studies to identify the transcription factor Tbx2a as likely driving a switch between LWS and RH2 opsin expression. Binding sites for Tbx2a in the LWS promoter and the highly conserved Locus Control Region of RH2 act to concurrently promote LWS expression while repressing RH2 expression. Our data support the hypothesis that instant changes in visual tuning can be achieved by switching the expression of multiple genes by a single mutation and do not require independent changes in the regulatory regions of each opsin.
INTRODUCTION
Color vision enhances the ability of organisms to detect signals from food, conspecifics, predators, and the environment, and can therefore assert a profound influence on fitness (1) .
Changes to the spectral tuning of visual signals are predicted to have dramatic effects on the evolutionary trajectory of species and even lead to speciation (2) . It is thus of considerable interest to understand the genetic basis of evolutionary changes in visual sensitivity. The most variable component in tuning color vision are G-coupled protein receptors, cone opsins (3) , which are expressed in the cone cells of the retina and, in most cases, are bound to the chromophore 11-cis retinal to form a specific visual pigment. The wavelength sensitivity of the visual pigment depends primarily upon the sequence of the opsin protein (4) . Evolutionary changes in visual sensitivity were thought to be the result of changes in opsin amino acid sequence (4) (5) (6) . However, accumulating evidence has shown that visual systems are frequently tuned more by changes in the relative expression of the opsin genes which result in larger shifts in tuning (7) (8) (9) (10) (11) .
Modulation of visual sensitivity through shifts in expression requires the upregulation of one opsin coupled with concomitant downregulation of another (12) (13) (14) . If each opsin is independently controlled by one or more transcription factors, simultaneous evolutionary changes in the expression of two opsins would be extremely unlikely. Differences in visual tuning among species would then require multiple substitutions that might be constrained by mutational dynamics. However, shifts in opsin expression could occur more quickly if a single regulatory element could down-regulate expression of one opsin while simultaneously upregulating expression of another. Sharing regulatory elements across opsins would also facilitate correlated developmental shifts in opsin expression.
To determine whether such a common regulatory framework exists, we have examined the mechanisms of opsin gene expression in the radiation of cichlid fishes in East Africa. More than 1,000 closely-related species of African cichlid fishes represent an excellent model system for studying the genetic basis of opsin gene expression. The genome of each cichlid species encodes seven distinct opsin genes, yet an individual species typically expresses only three genes as adults, with the particular set of expressed genes being different among species (reviewed in 15 ). In addition, gene expression has been demonstrated to shift through development with species differences being the result of heterochronic changes to this developmental program (12, 16) .
We previously analyzed a cross between Aulonocara baenschi, a Lake Malawi species with high expression of RH2A opsin and no expression of LWS opsin, and Tramitichromis intermedius, a species with low expression of RH2A but high expression of LWS (17) . Among the F2 from the cross, we detected a strong negative correlation between expression of LWS and RH2A (R 2 = -0.78) (18) . We now report the identification of a trans-acting expression quantitative trait locus (eQTL) on LG10 that explains 48.6% of the variation in LWS expression and 57.1% of the variation in RH2A. The negative correlation and overlapping eQTLs suggest a common regulatory element that can simultaneously promote expression of LWS while repressing expression of RH2A. Our combined fine mapping, transcriptomics, and functional analyses show that the transcription factor Tbx2a likely controls the switch between LWS and RH2A expression.
RESULTS

The transcription factor Tbx2a is strongly correlated with the switch between LWS and RH2A opsin expression
In order to identify the factor responsible for switching LWS/RH2A expression between A. baenschi and T. intermedius, we first used microsatellite markers and previously developed RAD-seq markers (17) to fine map the LWS/RH2A eQTL to a region that spans 1.15 Mb and contains 31 genes ( Fig. 1A & B , Supplementary Table 1 ). We predicted that the expression of candidate transcription factors which potentially regulate LWS should be correlated with LWS expression. In retinal transcriptomes from T. intermedius (N=2) and A. baenschi (N=4) (an average of 183 million reads) only three genes were differentially expressed between A. baenschi and T. intermedius with FPKM ratios greater than 2 (adora2b (5.04), gjb1, (2.13) and Tbx2a (105.95)) (Supplementary Table 1 ).
Given that the basic structure of the opsin regulatory network is conserved across closely related cichlid taxa, we examined previously sequenced retinal transcriptomes of five additional cichlid species as a second means of identifying transcription factors regulating LWS. Of these five taxa, three had high LWS expression and two had low/no LWS expression (19) . Of the 31 eQTL genes, only three were strongly correlated (R 2 > 0.7) with LWS expression (ubc (R 2 = 0.92), cenpv (R 2 = 0.74), and Tbx2a (R 2 = 0.88)) ( Supplementary Table 1 ).
Tbx2a was the only gene that was both differentially expressed between T. intermedius and A. baenschi and strongly correlated with LWS across the five additional cichlid species, suggesting that Tbx2a could explain the LWS/RH2A eQTL effect (Fig. 1C ). Further support for this hypothesis was provided by the F2 from the cross as LWS and RH2A expression differed significantly between individuals that were homozygous for the A. baenschi Tbx2a and those with the T. intermedius Tbx2a genotype ( Fig. 1D ).
To confirm the correlation of Tbx2a with LWS expression, we first used qRT-PCR to measure retinal gene expression of Tbx2a and LWS relative to the cone specific gene Gnat2. We detected a strong correlation between Tbx2a and LWS expression across F2 offspring from our cross between T. intermedius and A. baenschi (R 2 =0.457, p<0.0001) ( Fig. 2A ). In addition, the expression of Tbx2a is strongly correlated with LWS expression across 58 additional species of Malawi cichlids that vary in LWS opsin gene expression (R 2 =0.847, p<0.0001) (Fig. 2B ).
The strong correlations of Tbx2a with LWS both within a cross and among natural species variants made Tbx2a a strong candidate to explain the LWS/RH2A eQTL. Furthermore, Tbx2a is located just 7.9 kb from the highest associated eQTL microsatellite marker, which explained 54.8% of the variance in LWS expression and 46.6% of variance in RH2A expression across 285 F2. We noted that members of the T-box 2 (Tbx2) transcription factor family can act as both activators and repressors of gene expression depending upon the promoter context and have been shown to play key roles in retinal development (20) (21) (22) , with a reportedly prominent role for Tbx2b in specifying photoreceptor precursors to become short wavelength sensitive cone cells in zebrafish (23) .
How does Tbx2a regulate opsin expression?
In order to explore how Tbx2a could be modulating the switch in expression between LWS/RH2A, we identified transcription factor binding sites (TFBS) in regulatory regions of the LWS and RH2A opsins and tested the functionality of these sites experimentally. In cichlids, there are two RH2A loci (RH2Aα and RH2Aβ) that are functionally identical but have unique promoter sequences. To identify possible Tbx2a binding sites, we compared 800 bp of the proximal promoter from each of RH2Aα and RH2Aβ to the H. sapiens TBX2 transcription-factor binding matrix (JASPAR database of transcription factor binding profiles). We could identify only one TBX2 binding site upstream of the RH2Aβ transcriptional start site (TSS) (relative score = 0.921) and none upstream of the RH2Aα TSS.
The RH2 gene array is downstream of a Locus Control Region (LCR) that controls RH2 gene expression in zebrafish (24, 25) . To identify whether Tbx2a could be interacting with the RH2 LCR, we aligned the RH2 LCR of A. baenschi, T. intermedius, carp (Cyprinus carpio), zebrafish (Danio rerio), stickleback (Gasterosteus aculeatus), and medaka (Oryzias latipes) ( Fig.   3 ). We detected a 16 bp region that was perfectly conserved across all six species (representing ~230 Mya divergence) and contained a strongly-predicted Tbx2 binding site based on the H. sapiens TBX2 matrix (relative profile score of 0.97). To test whether the cichlid Tbx2a transcription factor binds to the predicted sites in the RH2 LCR or RH2Aβ promoter, we cloned the coding region of Tbx2a into the pcDNA4-HisMax C vector and expressed the recombinant cichlid Tbx2a in the mammalian cell line MDCK (Madin-Darby Canine Kidney). We used the Tbx2a enriched nuclear fraction for Electrophoretic Mobility Shift Assays (EMSA) with probes containing the predicted Tbx2a binding sites in the RH2 LCR and RH2Aβ promoter. The cichlid Tbx2a did not bind to the RH2Aβ promoter probe but shifted the RH2 LCR probe with high affinity. Furthermore, cichlid Tbx2a did not bind to a mutant version of the probe where the four bases corresponding to the key bases in the H. sapiens Tbx2 binding motif were changed ( Fig.   4A ; Supplementary Table 2 ). These results show that the cichlid Tbx2a can bind to the highly conserved TBX2 TFBS in the RH2 LCR.
To test whether Tbx2a binding to the RH2 LCR affects downstream gene expression, we cloned the RH2 LCR into a pGL4.26 vector upstream of luciferase driven by a minimal promoter. Luciferase expression increased substantially with increasing amounts of Tbx2a during co-transfection in MDCK cells but only in the presence of the pGL4.26 plasmid containing the RH2 LCR ( Fig. 4B ). We detected a similar pattern of expression in both IMCD3 and HEK293 cell lines ( Supplementary Fig. 1 ). These results demonstrate that the interaction between Tbx2a and the RH2 LCR is capable of modulating downstream gene expression.
The LWS opsin gene is also regulated by an LCR and a proximal promoter. The LCR is located ~3 kb upstream of the LWS coding sequence (26) . JASPAR predicted two TBX2 TFBS in the LWS LCR but with lower confidence (relative scores of 0.85 and 0.81) than the site in the RH2 LCR (score of 0.97). Our EMSA results suggest that cichlid Tbx2a does not bind to either of these sites. JASPAR also predicted two TBX2 TFBS with a relative score of > 0.90 (0.92 located 1,178 bp upstream and 0.96 located 471 bp upstream of the LWS TSS) within the 3 kb region between the LWS LCR and the beginning of the LWS coding sequence. EMSA demonstrated the binding of cichlid Tbx2a to the site 471 bp upstream of LWS TSS but not to the 1,178 bp upstream site ( Fig. 5A ).
To test whether Tbx2a binding to the LWS promoter can modulate gene expression, we cloned the full 3.8 kb from upstream of the LWS LCR to the LWS TSS into a pGL4.10 vector upstream of a promoter-less copy of the luciferase gene. Tbx2a showed a much larger increase in luciferase expression when transfected with pGL4.10 vector containing the upstream LWS region compared to the control plasmids ( Fig. 5B ). Thus, the interaction between Tbx2a and the LWS regulatory region is capable of modulating gene expression.
How has Tbx2a driven differences across species?
To identify how Tbx2a might lead to the LWS/RH2A shift in visual tuning across species, we asked if differences in Tbx2a expression across species is due to changes in linked regulatory sequence between T. intermedius and A. baenschi. We used transcriptomes from T. intermedius, A. baenschi and four F1 from the cross to examine allele specific expression and determined that 85.6% of the variance in Tbx2a expression is due to differences in cis-linked regulatory sequence. Our results strongly suggest that a change in regulatory sequence linked to the Tbx2a locus can explain the LWS/RH2A eQTL.
To identify the regulatory variant, we sequenced whole genomes from T. intermedius (N=2) and A. baenschi (N=2) and mapped the reads onto the M. zebra reference genome (coverage of 13.13 + 9.19, 13.02 + 8.99, 11.04 + 7.71, and 9.13 + 6.58, respectively). Our analyses uncovered only 10 fixed variants between T. intermedius and A. baenschi from the start of Tbx2a to the next gene upstream (protein phosphatase 1D) within a region of ~19.5 kb, and only three fixed differences were identified from the end of Tbx2a to the next gene downstream (acetyl-CoA carboxylase alpha) (~5.5 kb) ( Fig. 6 , Supplementary Table 3 ). The largest of these differences was a 938 bp deletion in A. baenschi located 13.4 kb upstream of the Tbx2a start site.
One other deletion downstream of Tbx2a in A. baenschi was only one bp in length. The remaining 11 fixed differences were single base pair changes. Interestingly, the 968 bp deletion contained a Mariner-8 transposon, a 'cut-and-paste' transposable element (27) .
To delineate regulatory implications of sequence differences, we undertook a phylogenomic approach and identified intergenic sequences that are conserved between T.
intermedius, stickleback (Gasterosteus aculeatus) (~128 Mya divergence), medaka (Oryzias latipes) (~119 Mya divergence), and/or zebrafish (Danio rerio) (~230 Mya divergence). Of the 18,818 bp between Tbx2a and the next gene upstream in T. intermedius, the MultiPipMaker software identified only 4.6% of the sequence that was conserved between T. intermedius, stickleback and medaka, 1.8% conserved between T. intermedius, medaka and zebrafish, and only 0.3% was conserved among all four. The 938 bp deleted in A. baenschi contained the sequence that was partially conserved in both stickleback and medaka ( Fig. 6 ). In this region we also identified predicted binding sites for six transcription factors that are known to play key roles in retinal development across vertebrates (28, 29) ; Rxrg, Thrb, Sall3, Vsx1, Rax, and Vsx2 ( Fig. 6 ). Moreover, the cichlid sequence contained a predicted binding site for Pax3 which is known to regulate Tbx2 expression (30) . All of these potentially important regulatory sites have been lost in A. baenschi, which may explain the difference in Tbx2a expression between T.
intermedius and A. baenschi.
DISCUSSION
Spectral tuning of color vision is frequently accomplished by rapid evolutionary changes in opsin gene expression (9, 13, 31) . However, evolution of gene expression through multiple mutations of independent gene regulatory elements would be inherently slow since two simultaneous changes in opposite directions are not very likely (32) . We propose that this could be resolved by regulatory elements that simultaneously downregulate one opsin while upregulating another opsin. Thus, a switch requiring only a single change could permit the rapid evolutionary changes in visual tuning across close taxa. Here, we show that the transcription factor Tbx2a modulates an established switch between RH2A and LWS opsin gene expression. Using DNA-binding proteins and luciferase reporter assays, we show that Tbx2a can directly interact with the RH2 LCR and LWS promoter regions. We propose that a single change in the regulatory region upstream of Tbx2a is likely responsible for the rapid shift in visual tuning between T.
intermedius and A. baenschi. This work therefore provides strong support for opsin regulatory elements that control multiple opsin genes.
Tbx2a is a major regulatory component of switching between RH2A and LWS opsins
We have identified Tbx2a as a key component in modulating the switch between RH2A and LWS opsin gene expression by fine mapping an eQTL on LG10 in a cross between Aulonocara baenschi (no LWS expression) and Tramitichromis intermedius (high LWS expression). Support for the idea that Tbx2a explains the eQTL comes from its location only ~8 kb from the highest associated microsatellite marker and the strong correlation of Tbx2a expression with LWS opsin expression in F2 hybrids. Tbx2a expression was also strongly correlated with LWS expression across 58 other species of Lake Malawi cichlids, as well as four cichlids in other African lakes and rivers, indicating that the role of Tbx2a is largely conserved across cichlids.
Many of the genes involved in photoreceptor gene regulation are highly conserved from fish to mammals (33) . The Tbx2 class of transcription factors predates the vertebrate lineage and unlike the other T-box transcription factors, members of the Tbx2/3 class are known to act as repressors as well as activators (34) . Musser and Arendt (28) showed that the Tbx2 class has played a strong role in photoreceptor development since well before the emergence of the mammalian lineage. While mammals have lost the RH2 class of opsins, they have maintained both LWS and TBX2. This raises the possibility that TBX2 may be acting as a conserved transcription factor modulating LWS expression. Nearly 20 years ago Tbx2 was found to be expressed along the same dorsal-ventral pattern as M/Lws opsin during development in the mouse retina, which has high M/Lws expression in the dorsal, but not ventral, retina (35) . More recently, this possibility was further supported by a dataset from single cell transcriptomes of mouse retinal cells generated by Macosko et al. (36) . Reanalysis of this dataset revealed that none of the "pure" Sws1 cones expressed Tbx2, yet some of the cones co-expressing Sws1 and Lws did show Tbx2 expression (28, 36) . This pattern raises the possibility that the role of Tbx2a in promoting LWS expression could be conserved in even distantly related vertebrate lineages.
How does Tbx2a regulate opsin expression?
To determine how Tbx2a is modulating RH2A and LWS opsin expression, we examined predicted Tbx2 binding sites located in RH2A and LWS opsin regulatory sequence. Within the RH2 LCR we found a conserved Tbx2a predicted-binding site that was completely conserved across six taxa (representing ~230Mya). Such strong conservation suggests this location plays an important role in the mechanism by which the LCR controls downstream RH2 gene expression.
Our EMSA results revealed that the cichlid Tbx2a does indeed bind to the RH2 LCR at this location and our luciferase results show that this Tbx2a-RH2 LCR complex can dramatically change downstream gene expression. Since the interaction between Tbx2a and the RH2 LCR occurs at a highly conserved TFBS, it suggests an important role for Tbx2a in mediating how the RH2 LCR operates, which should be further explored.
Similar results were obtained with the LWS promoter. Our EMSA tests revealed that Tbx2a can indeed bind to a TFBS located 471 bp upstream of the LWS transcription start site and this Tbx2a-LWS promoter complex can dramatically change downstream gene expression.
It was unexpected for Tbx2a to increase expression of luciferase downstream of both the LWS promoter and the RH2 LCR. In cichlid retina, Tbx2a is directly correlated with LWS expression, but inversely correlated with expression of RH2A. However, Locus Control Regions are generally controlled by multiple transcription factors that interact with one another (37) . It seems plausible that Tbx2a requires additional cichlid cone-cell specific co-factors to produce the anticipated effect of decreasing RH2A expression that are not present in the cell lines used in our luciferase experiments. Our recent QTL effort involving a new cichlid cross has identified additional genetic factors that contribute to variation in RH2A expression (38) and these may help explain the cell specific actions of the RH2 LCR on RH2A expression.
Single changes to opsin regulatory elements can switch visual tuning between species
Allele specific expression in F1 hybrids between A. baenschi and T. intermedius confirmed a cis- Within the 968 bp deletion, we also detected a Mariner-8 transposable element (TE). The mariner class of TEs make a double strand break as they move throughout the genome and when the break is repaired through single-strand annealing, a deletion often occurs in the DNA flanking the break (40) . African cichlid fishes are known to have high rates of TE movement (19, (41) (42) (43) . We hypothesize that the deletion in A. baenschi was caused by a Mariner-8 transposable element leaving the area and taking the important Tbx2a regulatory sequence with it.
CONCLUSION
We have identified an eQTL variant that allows for simultaneous upregulation of one opsin and downregulation of another. We identified the transcription factor Tbx2a as a major component of the regulatory framework, which drives this switch between RH2A and LWS opsin genes by binding to both the RH2 LCR and the LWS promoter. Our data demonstrate that single mutations within the components of this network can result in instant changes in visual tuning by changing the expression of multiple genes, rather than independent changes in the regulatory regions of each opsin gene. One possible explanation for this switch is that it evolved to facilitate developmental shifts in opsin expression. This would enable the single mutation observed here to cause heterochronic shifts in the developmental pathway and contribute to rapid evolutionary change. Future work should consider how such developmental switches evolve.
METHODS
Fine mapping the LWS/RH2A opsin eQTL on LG10
In our previous study of opsin eQTL we established a cross between T. intermedius and A. baenschi and used restriction-site associated DNA sequences (RAD-seq) across 115 F2 to identify overlapping eQTL on LG10 that explained 48.6% and 57.05% of the expression of LWS and RH2A respectively (17) . Here we developed eight fluorescently-labeled microsatellite markers across these eQTL and genotyped 288 F2 adults. Primers flanking the microsatellites were designed with Primer3 (44) and obtained from Eurofins MWG Operon (Huntsville, AL).
Forward primers were either fluorescently labeled, or ordered with a CAG tag (GCAGTCGGGCGTCATCA) that matched a fluorescent CAG primer which was labeled with either 6'FAM or HEX dye. PCR products were run on an ABI 3730xl Genetic Analyzer and marker genotype was determined in GeneMapper® (ABI). All individuals were sacrificed with an overdose of MS-222; DNA was extracted from fin clips using a DNeasy Kit (Qiagen) and retinas were dissected and stored in RNAlater (Invitrogen) at -20ºC prior to RNA extraction.
Opsin expression phenotypes were determined by quantitative real-time PCR (qRT-PCR). Total RNA was extracted from whole retinas using a RNeasy kit (Qiagen) including a DNase step, and 0.5 µg was used to make cDNA with SuperScript III (Invitrogen) following manufacturer's protocol. qRT-PCR was conducted for each of the cone opsins on a Roche 480 Lightcycler as described previously (45) . Briefly, the seven cone opsins present in East African cichlids were measured individually using custom Taqman® assays (Invitrogen) with the exception of RH2Aα and RH2Aβ, which were measured in combination because the sequence similarity between these genes is too high to tell them apart with qPCR-based methods (46) .
Results were corrected for relative assay efficiencies calculated by running a multi-opsin construct containing all targets in a 1:1 ratio and the absolute efficiency of RH2A was determined from serial dilutions of cDNA (47) .
The ratio of single to double cones in the cichlid retina is fixed in a highly structured retinal mosaic (48) . SWS genes are only expressed in single cones, while RH2 and LWS genes are only expressed in double cones (48, 49) . Therefore, we represent the expression of each of the double cone opsins as:
The eQTL was fine mapped by combining the previous RAD-seq markers with fluorescent microsatellite markers to provide 15 markers spanning the previously identified LWS/RH2A eQTL. Marker order was identified by BLASTN (version 2.2.28+) (50, 51) against the Metriaclima zebra reference genome (41) . eQTLs and 95% Bayesian confidence intervals (CI)
were identified for LWS and RH2A using R/qtl (52) and the percent of variance in LWS and RH2A expression that was explained by the closest marker to Tbx2a was determined using the lm function in R v3.5.2 (53) . We conservatively identified putative transcription factors by finding all genes in the M. zebra UMD2a reference genome (41) between the two markers flanking the 95% CI (corresponding to a 1.15 Mb region).
Retinal transcriptome sequencing, analyses, and additional species
To facilitate transcriptome comparisons across species we first mapped the NCBI Refseq genes for Oreochromis niloticus (RefSeq #GCF_001858045) onto the M. zebra genome (41) using GMAP (version 2015-07-23) (54) to annotate the corresponding set of genes in M. zebra.
We then generated retinal transcriptomes from four A. baenschi and two T. intermedius using a . This provides a measure that is close to zero for genes with similar expression and a larger value for genes which are more highly differentially expressed in one species relative to the other.
We then compared differential expression between T. intermedius and A. baenschi to retinal transcriptomes of five other East African cichlids that were generated as part of the Broad Institute's Cichlid Genome Project (19) . Two of the species express no LWS: M. zebra (Broad assembly v.0), and Neolamprologus brichardi (Broad assembly v.1). Three express high LWS:
Pundamilia nyererei (Broad assembly v.1), Astatotilapia burtoni (Broad assembly v.1), and
Oreochromis niloticus (Broad anchored assembly v1.1). To compare genes between species we mapped the NCBI RefSeq transcripts for Oreochromis niloticus (RefSeq #GCF_001858045) onto the genome for each of the five species using GMAP (54) . We then aligned retinal transcriptome reads and quantified relative gene expression in each species as FPKM using Tophat2 and Cuffdiff (55) .
Of the 31 genes in the 95% C.I. two were only expressed in one species and excluded from correlation analyses; the correlation of expression with LWS opsin expression (FPKM) was calculated using linear regressions across the five species. To test whether transcriptomes provided reliable indicators of gene expression, we compared the relative opsin expression levels within the transcriptomes to our previous qRT-PCR studies and found there to be good agreement (56) .
Identifying 'Tbx2-like' as Tbx2a
We found the gene annotated in the M. zebra genome as 'Tbx2-like' to be both highly correlated with LWS across species and highly differentially expressed between T. intermedius and A.
baenschi. To determine the true identity of this 'Tbx2-like' locus we built a phylogeny including Fig. 2) Fig. 3 ).
Genome sequencing of T. intermedius and A. baenschi
Genomes from two individuals of T. intermedius and two individuals of A. baenschi were sequenced using a TruSeq DNA sample preparation kit and run on an Illumina HiSeq1500 (100 bp paired-end reads with 550 bp inserts). Reads were filtered then quality checked and trimmed with Trimmomatic (59) before being aligned to the M. zebra reference genome (41) using bwamem (version 0.7.12-r1039) (60) . Alignments were converted to BAM format, duplicates were marked and whole genome metrics were determined using Picard (version2.1.0). Alignments were viewed in IGV (61) and regions of interest were edited manually in Geneious 11 before comparing the consensus sequence between species.
Correlating expression of Tbx2a and LWS
The expression of Tbx2a, LWS, and Gnat2 (a cone-specific gene) was measured from retinal cDNA using custom probe based quantitative real-time PCR (qPCR) assays (Taqman® probes (Invitrogen)) (See Supplementary Table 4 for primer/probe sequences and efficiencies). Assay efficiencies were calculated from a 1000-fold dilution series of a custom gene construct that contained the five target opsin genes in a 1:1 ratio. 
Cis versus trans control of Tbx2a expression using allele specific expression
To determine if differences in Tbx2a expression were due to linked differences in regulatory sequence (thus supporting Tbx2a as a candidate for driving the LWS/RH2A eQTL) we identified SNPs in the expressed Tbx2a sequence that were differentially fixed between A. baenschi and T. intermedius using the transcriptomes described above. We then generated retinal transcriptomes from four F1 from the cross using a TruSeq RNA Sample preparation kit v.2 (Illumina) and sequenced on an Illumina HiSeq1000 with 100 bp single-end reads. Reads were mapped onto the M. zebra genome as before. We compared the number of reads of T. intermedius alleles to the number of reads of A. baenschi alleles. We then compared the log2 of this ratio to the log of the ratio of expression between the A. baenschi and T. intermedius parents (measured as FPKMdescribed above).
Values closer to 1 reveal more of the variance in Tbx2a expression is explained by cis-linked regulatory differences (62) .
Identifying fixed variants between species linked to Tbx2a
The genomes of T. intermedius (N=2) and A. baenschi (N=2) (described above) were compared to identify fixed differences around Tbx2a from the next gene upstream (Protein Phosphatase 1D (XM_004557358), located 19.5 kb upstream) and the next gene downstream (Acetyl-CoA carboxylase alpha (XM_014408615), located 5.5 kb downstream) in Geneious v.11. We found one large deletion in A. baenschi and verified this deletion with PCR and Sanger sequencing that spanned the deletion. To verify that this deletion was not specific to our lab population we obtained Sanger sequence reads that spanned the deletion from two unrelated A. baenschi individuals collected in the wild in 2012 from Nkhoma Reef, Lake Malawi, Africa.
Transposable element within A. baenschi deletion
To search for transposable elements in the vicinity of the A. baenschi deletion we compared the intact sequence from T. intermedius, including 100 bp before and after the deletion, to the GIRI Repbase repository of transposable elements using CENSOR (63) .
Genomic footprinting to identify sequence conservation upstream of Tbx2a
As Tbx2a is an evolutionarily conserved gene; important regulatory sequence is likely to be conserved across distantly related species. To find such conserved regions upstream of Tbx2a we gathered the sequence between Tbx2a and the next gene upstream (protein phosphatase 1D (PPM1D)) from the medaka (23 kb), zebrafish (401 kb), and stickleback (18 kb) reference genomes on the UCSC genome browser. We then identified regions of conservation between these species and T. intermedius using MultiPipMaker (64) .
Identifying transcription factor binding sites (TFBS)
The TRANSFAC repository of vertebrate transcription factor binding sites (65) was used to predict TFBS at p < 0.0001 from the T. intermedius sequence that was missing in A. baenschi.
The list was then reviewed for transcription factors known to play key roles in vertebrate photoreceptor development (28) .
Tbx2 binding sites in RH2 and LWS locus control regions
The RH2 and LWS classes of opsins each have their own locus control regions (LCR) that have been highly conserved across a wide range of taxa (25, 26, 66) . These LCRs match between A.
baenschi and T. intermedius. Using the JASPAR database, we scanned for Tbx2 binding sites (relative score >80%) in the RH2 and LWS LCRs. We also scanned for Tbx2 binding sites (relative score >90%) in the 3 kb region between LWS coding region and the LWS LCR, and 800 bp upstream of the RH2Aα and RH2Aβ genes.
Generating cichlid Tbx2a protein
A gBlock ® synthetic gene from Integrated DNA Technologies was designed to contain the full 1,839 bp of cichlid Tbx2a coding sequence flanked by restriction sites. To clone this gBlock® into the pcDNA™4-HisMax C mammalian expression vector (ThermoFisher Scientific) both were double digested (KpnI-HF and XhoI) and run on a PCR clean up column (Machery-Nagel).
The cut products were ligated together with a Quick Ligation™ kit (NEB) and used to transform Fig. 4 ).
Electrophoretic Mobility Shift Assay (EMSA)
The predicted binding motif of Tbx2 in H. sapiens is 11 bases long. We designed all EMSA probes to also include 15 bases upstream and downstream of the predicted Tbx2 binding site, making all probes 41bp in length (Supplementary Table 2 ). Mutant probes were designed such that the most influential sites in the Tbx2 binding motif were changed to intolerable bases.
Probes were generated by annealing complementary oligos in duplex buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 50 mM NaCl), boiled in water and allowed to cool overnight at 4ºC.
Annealing was verified by running on a 4% agarose gel next to single stranded oligos. We generated 32 P-labeled probes with T4 polynucleotide kinase (PNK) and γ- 32 to test the specificity of the binding. Reactions were incubated for 60 min at room temperature and run on a 6% DNA Retardation gel (Invitrogen™) in TBE buffer. Gels were then dried and exposed to radiographic film on an amplifying screen cassette overnight at -80ºC.
Luciferase Assays
To determine if Tbx2a directly affects expression of sequence downstream of the RH2 and LWS 
